Phospholamban (PLN) is an essential regulator of cardiac muscle contractility. The homopentameric assembly of PLN is the reservoir for active monomers that, upon deoligomerization form 1:1 complexes with the sarco(endo)plasmic reticulum Ca 2؉ -ATPase (SERCA), thus modulating the rate of calcium uptake. In lipid bilayers and micelles, monomeric PLN exists in equilibrium between a bent (or resting) T state and a more dynamic (or active) R state. Here, we report the high-resolution structure and topology of the T state of a monomeric PLN mutant in lipid bilayers, using a hybrid of solution and solid-state NMR restraints together with molecular dynamics simulations in explicit lipid environments. Unlike the previous structural ensemble determined in micelles, this approach gives a complete picture of the PLN monomer structure in a lipid bilayer. This hybrid ensemble exemplifies the tilt, rotation, and depth of membrane insertion, revealing the interaction with the lipids for all protein domains. The N-terminal amphipathic helical domain Ia (residues 1-16) rests on the surface of the lipid membrane with the hydrophobic face of domain Ia embedded in the membrane bilayer interior. The helix comprised of domain Ib (residues 23-30) and transmembrane domain II (residues 31-52) traverses the bilayer with a tilt angle of Ϸ24°. The specific interactions between PLN and lipid membranes may represent an additional regulatory element of its inhibitory function. We propose this hybrid method for the simultaneous determination of structure and topology for membrane proteins with compact folds or proteins whose spatial arrangement is dictated by their specific interactions with lipid bilayers.
S
tructure and topology are central to membrane protein function (1) . Recently determined high-resolution structures reveal the compact folds for several membrane proteins, such as electron and proton-conducting proteins involved in photosynthesis and respiration (http://blanco.biomol.uci.edu/ MembraneProteinsxtal.html). However, a significant population of membrane proteins does not possess a compact tertiary fold, but has its fold space defined through interactions of secondary structure elements (helices, turns, and loops) with the lipid membrane, i.e., the topology (1). This is the case for phospholamban (PLN), a mammalian protein that is essential in the regulation of cardiac muscle contractility (2) , and that has recently become a major target for gene therapy to ameliorate cardiomyopathies (3, 4) . PLN is located in the sarco(endo)plasmic reticulum (SR) of cardiac myocytes, inhibiting the SR Ca 2ϩ -ATPase (SERCA) by shifting its relative Ca 2ϩ affinity (5) . In vitro and in vivo experiments have shown PLN to exist as a homopentamer that deoligomerizes into active monomers that bind SERCA in a 1:1 molar ratio (6) . The monomeric form of PLN exists in equilibrium between a dynamically disordered R state and a more restricted T state (7, 8) and has 3 structural domains (helix-loop-helix) and 4 dynamic domains: Ia (residues 1-16), loop (17) (18) (19) (20) (21) (22) , Ib (residues [23] [24] [25] [26] [27] [28] [29] [30] , and II (residues 31-52) (9) . As measured by NMR (10, 11) and EPR spectroscopies (7, 8, 12, 13) , the T state is predominant (Ϸ84%) in both micelles and lipid bilayers (14) .
The lack of PLN tertiary structure (noncompact fold) and the semif lexible loop that connects domain Ia to Ib represent major obstacles for structural studies of PLN by solution NMR. In particular, the paucity of NOEs and the degeneracy of residual dipolar coupling solutions prevented the complete characterization of the structural topology (15, 16) . Here, we show how solution NMR angular and distance restraints derived from detergent micellar studies, together with solidstate NMR orientational restraints obtained in mechanically aligned lipid bilayers, are used to simultaneously define the high-resolution structure and topology of monomeric PLN. The various restraints are combined into a single energy objective function and used jointly with a membrane immersion depth potential (17) . The average structure from the calculated conformational ensemble is then embedded into an explicit 1,2-dioleoyl-glycero-3-sn-phosphocholine (DOPC) lipid bilayer and equilibrated, revealing the high-resolution T state structure of monomeric PLN (L-shaped) and the protein-lipid interactions at the atomic level. The resulting fold of monomeric PLN is defined by its strong interactions with lipid membranes. Unlike the previously determined structural ensemble (15) , this ensemble more precisely specifies the position of each structural domain with respect to the lipid membrane, with domain Ib protruding toward the membrane/ water interface and ready to make hydrogen bonds and salt bridges with the juxtamembrane region of SERCA. Domain II matches the hydrophobicity of the DOPC bilayer, ready to interact with transmembrane helices M2, M5, and M9 of SERCA's binding groove. The amphipathic domain Ia is helical and adsorbed on the surface of the membrane bilayer. Taken with the recent findings from several other groups (18, 19) , we propose that the reversible binding of this domain with the lipid bilayer represents a further regulatory element of PLN function.
Results
Solution and Solid-State NMR Restraints. A previous solution NMR structure of AFA-PLN (C36A, C36F, C41A; fully functional monomeric mutant) was determined using protein solubilized in 600 mM DPC, pH 4.2, 50°C (15) . Here, we repeated these experiments on AFA-PLN solubilized in 300 mM DPC, pH 6.0, 37°C, which are conditions that preserve SERCA's enzymatic activity. The NOE patterns at 37°C and 50°C were essentially the same. We also performed H(CCO)NH and C(CO)NH TOCSY experiments to fully assign the side chains, which enabled interresidue NOEs to Pro-21 to be identified and incorporated into the structural calculations. In addition, we measured 3 J-coupling constants to restrain the 1 rotamers (Table S2) .
For solid-state NMR spectroscopy, the AFA-PLN samples were reconstituted into DOPC lipids at a lipid/protein ratio of Ϸ160/1. The solid-state NMR restraints and residue assignments for the 15 (Fig. 1C) . To complete the resonance assignments, we also collected PISEMA spectra on several selectively labeled PLN samples. Fig. 1 (10) , the DC and CSA values for residues located in the most dynamic regions of PLN (Glu-2, Lys-3, Glu-19, and Pro-21) were not determined.
The solid-state NMR assignments (Table S1) were carried out by using extensive selective labeling and a combinatorial algorithm for minimizing the resonance positions based on the periodic nature of the helices (22) . Fig. 2 shows the CSA and DC plotted vs. the residue number in AFA-PLN. As expected for helical proteins, both CSA and DC oscillate with a period of Ϸ3.6 (Fig. S4) . The amplitude of the oscillation is larger for domains Ib and II than for domain Ia, ref lecting the different orientations with respect to the external magnetic field. These oscillations can be interpreted in terms of tilt () and rotation () angles with respect to the membrane bilayer normal (parallel to B 0 ) for the different protein domains. An estimate of alignment using a static ideal helix to fit the PISA-wheel patterns (16, 23, 24) gives and angles of Ϸ24°and Ϸ198°, respectively, for the helix comprised of domains Ib and II and a angle of Ϸ97°for domain Ia (Fig. S5 ). These angles are in close agreement with those published using CSA and DC for selectively labeled [ 15 N-Leu, Ala, and Ile] AFA-PLN alone (25) , and reinforce the previously proposed L-shaped topology for monomeric PLN (15, 26) .
Structure Calculations. The technical details of the structure determination protocols and the validation methods for the hybrid approach are reported in ref. 27 . In the first stage of the structure calculation, we started with PLN in an extended configuration, and carried out simulated annealing using only the solution NMR restraints [NOEs, 3 J-coupling, dihedral angles from TALOS (28) and hydrogen bonds]. Because there are still very few restraints in the loop region (residues 17-22), this step generated 200 PLN conformers that converged into well defined secondary structure elements but lacked precision in the 3D structure (Fig. S6B ). In the second stage of the refinement, we introduced the solid-state NMR orientational restraints (total of 82) using torsion angle dynamics and simulated annealing calculations. This protocol allowed for the secondary structural elements to be maintained during the overall orientation of the protein according to the alignment tensor (B o , the membrane normal is fixed along the z axis), avoiding possible integration problems of the simulated annealing algorithm. The third stage consisted of rigid-body minimization of the conformational ensemble into a virtual membrane potential (i.e., the depth of insertion potential, E z ) according to the energy function described by DeGrado and coworkers (17) . A final step of Cartesian molecular dynamics refinement was used to relax the PLN conformers.
Convergence and Validation of the Hybrid Conformational Ensemble.
The conformers were selected according to the following criteria: NOE violations Ͻ0.5 Å, covalent bond violations Ͻ0.01 Å, and bond angle violations Ͻ5° (29) . Fig. 2 shows the agreement between calculated and experimental CSA and DC, which is excellent given the large number of structural restraints (solution and solid-state NMR restraints). Some small deviations (Ϸ5 ppm) that were observed could be due to imperfect CSA tensors for each amino acid residue as shown by Wang et al. (23) ; however, these deviations do not substantially affect the structure or domain orientations (see ref. 27) . A summary of the parameters analyzed to assess the quality of the structures is reported in Table 1 .
Comparison of the Hybrid Conformational Ensemble with the Conformational Ensemble Obtained from Solution NMR Data Alone. Because our hybrid ensemble has an angular dependence, it is not appropriate to perform a simple overlay of the backbone atoms as the criterion to calculate the precision of the ensemble. Rather, the 2 ensembles were compared on the basis of 3 angles (Fig. 3A) : (the angle between the helix comprising domains Ib and II and the helix comprising domain Ia), Ia (the rotation angle for domain Ia), and Ib,II (rotation angle for domains Ib and II). Fig. 3C shows a plot of Ia vs. the angle for the solution NMR ensemble alone and the final ensemble generated with the introduction of the orientational restraints of solid-state NMR. It is apparent that the solution NMR ensemble has a broad distribution of angles. Among the different conformers obtained in detergent micelles, we originally chose the L-shaped conformations on the basis of paramagnetic quenching experiments (15) . Using the hybrid method, we do not have to select the structures manually; rather the orientational restraints derived from CSA and DC reduce the conformational space allowed, resulting in a structural ensemble with precise structures (Fig. S6A ) and topologies ( Fig. 3) with respect to the lipid bilayer. It is important to note that the deviations of the angles (the errors reported for and in Table 1 ) ref lect the quality of the fit and not the mosaic spread of the sample.
Equilibration of DOPC Lipids Around the Average Hybrid Structure. To fully describe the atomic-level interactions of PLN with lipids, we placed the average hybrid structure into an equilibrated DOPC lipid bilayer using CHARMM version 33a2 (30) . We then performed 30 ns of molecular dynamics simulation using NAMD version 2.6 (31) to allow the lipids to equilibrate around the PLN structure, which was harmonically restrained with a force constant of 20 kcal mol Ϫ1 Å Ϫ2 throughout the simulation. This ensured that the experimental restraints would be satisfied, and provided a detailed picture of the specific interactions the AFA-PLN monomer makes with DOPC lipids (Fig. 4B) . The setup of the molecular dynamics calculations is reported in SI Text.
Discussion
The complexity and challenges presented by membrane protein structure determination call for interdisciplinary approaches (32). X-ray crystallography and solution NMR have been widely used to determine high-resolution structures for several membrane proteins (33) (34) (35) (36) . These techniques are able to give atomic resolution information about the backbone and side chains but fall short in the elucidation of membrane protein topology. In contrast, solid-state NMR using oriented membrane protein samples can give molecular details regarding both backbone structure and topology. Because a number of membrane protein structures recently determined show similar folds in micelles, lipid bilayers, and crystals (34, (37) (38) (39) (40) (41) , we propose to combine the restraints from these techniques into a unique protocol with the goal of obtaining the highresolution structure (backbone and side chains) and topology within the lipid bilayer. In the literature, there are several examples of backbone structure determination of membrane protein using solid-state NMR data alone (42, 43 ) and a few examples reported for the combined use of solution and solid-state NMR information in a qualitative fashion (39, 44, 45) . However, there is no precedent for the combination of these restraints into a total energy function, which includes distance, torsion angle, and orientational restraints with a semiempirical depth of insertion potential. We applied this hybrid approach to the monomeric active form of PLN, which, despite its size, is a challenging system. In fact, PLN does not possess a compact fold, but instead, has its 3D architecture dictated by interactions with the lipid bilayer. Several in vivo and in vitro studies have shown that PLN adopts a remarkably similar structure both in micelles and lipid bilayers (8, 12, 15, 18, 19, 25, 46, 47) , justifying the combination of restraints. In the event that restraints obtained in lipid bilayers and detergent micelles were incompatible, it is recommended that those from lipids be weighted more heavily, due to potential limitations of micelles.
Our structural ensemble [Protein Data Bank (PDB) ID code 2KB7], generated from simulated annealing procedures, shows PLN to exist in an L-shaped conformation (T state), while giving a qualitative view of its immersion depth within the lipid bilayer (Fig. 4) . In close agreement with the static fit carried out on the initial solid-state NMR data (25, 48) , the structural ensemble of PLN shows that the membrane embedded helix (domains Ib and II) crosses the membrane bilayer with a tilt angle of 24 Ϯ 2°and an azimuthal (rotation) angle of 204 Ϯ 4°. This indicates that a specific face of the helix, i.e., residues Arg-25, Gln-29, Phe-32, Ala-36, Leu-43, Ile-47, and Met-50, is on average oriented toward the SR lumen. Domain Ia lies on the surface of the lipid bilayer (Fig. 4) , adopting an angle of 102 Ϯ 2°with respect to the membrane plane. Although the PISA wheel pattern for a helix at 102°is exactly the same as that for 78°, the CSA and DC plotted vs. residue are able to distinguish these angles within the data. The rotation angle of this domain is challenging to resolve using PISEMA or SAMPI4 experiments, because of the small dispersion of CSA and DC values for helices positioned at Ϸ90°with respect to the bilayer normal. However, the inclusion of the E z potential (17) helped overcome these ambiguities by identifying 2 energetically different ensembles. One ensemble had higher energy, with the hydrophobic face of the helix pointed toward the bulk solvent, and a second more energetically favorable ensemble, which had the hydrophobic face toward the hydrocarbon region. The latter agrees with several topological studies that we have carried out by using various hydrophilic and hydrophobic paramagnetic probes (15) , and the direct observation of NOEs between the detergent and the methyl groups of Val-4 and Leu-7 in domain Ia (49) . (56) . Residues in D shown with side chains in sticks and labeled on the structure reside on the same helix of PLN, i.e., they are positioned for binding SERCA. In both B and D, the colors reflect the hydrophobicity: light gray, hydrophobic; blue/red/purple, hydrophilic; green, aromatic (Phe); specifically Ser and Thr residues are shown in purple, Glu is shown in red, and Asn and Gln are shown in blue.
. For the final stage of refinement, we chose one of the structures from the conformational ensemble (model 6 from PDB ID code 2KB7) and embedded it into an explicit DOPC lipid bilayer for molecular dynamics calculations. Fig. 4 shows a snapshot from the simulation, which allows for appreciation of the atomic interactions of PLN within the lipid bilayer. Specifically, the hydrophobic side chains of residues Val-4, Leu-7, Ala-11, Ile-12, and Ala-15 are in contact with the hydrophobic interior (methylene region) of the membrane. Glu-2, Lys-3, and Tyr-6 are positioned in the interfacial region of the bilayer, and make hydrogen bonds with the DOPC lipid headgroup. Of the 3 arginine residues within domain Ia, Arg-9 and Arg-13 are solvent-exposed and accessible for interaction with PLN binding partners, whereas Arg-14 snorkels into the lipid bilayer headgroup region. Preliminary studies also indicate that the N of Arg-14 has the highest-order parameter of all arginines within AFA-PLN, which is consistent with increased solvent protection. This is noteworthy, because mutations at Arg-9 and Arg-14 have been linked to the abnormal regulation of SERCA, resulting in dilated cardiomyopathy (50, 51) . Ser-16 and Thr-17 (the 2 phosphorylatable sites) are exposed to the bulk solvent, prone to interact with their respective kinases (i.e., protein kinase A and CamKII kinase, respectively). The amphipathic interactions of domain Ia with the lipid bilayer are also present in the oligomeric state of PLN, as measured by solution NMR in detergent micelles (14, 50) , solid-state NMR in lipid bilayers (13, 52) , EPR saturation transfer experiments in lipid bilayers and detergent micelles (8, 12, 13) , and f luorescence resonance energy transfer in intact cells (46) and detergent reconstituted systems (53) .
The topology of PLN determined with this approach also reveals that part of domain Ib extends outside the lipid bilayer. This reconciles the structural model of PLN with several datasets derived from solution NMR (11, 15, 54) and saturation transfer EPR measurements (8) . Specifically, Gln-23 and Ala-24 are solvent exposed (15) , whereas Arg-25, Gln-26 and Asn-27 are located within the choline/glycerol interface of the lipid headgroup region, in agreement with paramagnetic quenching and hydrogen/deuterium exchange experiments (15) . Leu-28, Gln-29, and Asn-30 reside in the glycerol/ carbonyl region, making hydrogen bonds with the carbonyl groups. Because this domain forms key inhibitory interactions with SERCA via hydrogen bonds and salt bridges (55) , the depth of insertion may be an important mechanism regulating SERCA and PLN function. Domain II is the most hydrophobic and rigid part of PLN. Hydrogen/deuterium exchange experiments show that the amide protons of this region exchange with the solvent on the timescale of days (15) . This domain crosses the membrane bilayer with an angle of 24°, with the proposed SERCA binding face pointing away from the cytoplasmic domain Ia and prone to the interaction with the enzyme (Fig. 4D) . Remarkably, domain II does not cross the 2 membrane leaf lets completely; rather the C-terminal leucine (Leu-52) stops short in the luminal leaf let with its side chain in the methylene region of the bilayer and the carboxyl terminus snorkeling into the carbonyl region of the DOPC headgroups in contact with transient water molecules. Unlike the N-terminal domain Ia, the interactions of the C-terminal carboxyl group constitute the only anchor of domain II in the luminal leaf let of the membrane, an element that may confer the necessary mobility (piston-like motion) for PLN to be lifted up from the membrane to interact with SERCA (12) .
The presence of amphipathic cytoplasmic domains is emerging as a common motif for single-pass regulatory and viral membrane proteins. In fact, the L-shaped membrane architecture of PLN is reminiscent of the structures and topologies of the FXYD proteins (a family of membrane associated proteins that serve as subunits to Na,K-ATPases) (40) , the fd coat protein (responsible for viral assembly) (56), the VpU protein from HIV-1 (57) , and the M2 channel from the inf luenza A virus (58) . Amphipathic helix motifs are known to be functionally important in a number of capacities, ranging from stabilizing protein structures to sensing changes in the physical properties of the membrane (59, 60) .
In our allosteric model of regulation (7), the amphipathic helix of PLN drives the conformational equilibrium toward the T state (the resting state), whereas the transition to the more pliable R-state is necessary for PLN to mold into SERCA's binding groove. The dynamic nature of the R-state was underscored by EPR analysis (7, 8, 12) and probably detected by magic angle spinning solid-state NMR experiments (47) . Based on these data, it is likely that the interaction between lipids and the amphipathic domain Ia is modulated by the composition of the lipid membrane, and that these interactions may constitute an additional mechanism of SERCA regulation. Because PLN has at least 6 different binding partners (SERCA, protein kinase A, CamKII kinase, protein phosphatase I, A-kinase anchoring protein, and the antiapoptotic HS-1 associated protein X-1), the reversible binding to the membrane surface and the interplay between the T and R states may give the necessary f lexibility in binding these proteins.
Materials and Methods
Sample Preparation. [U-15 N] AFA-PLN was expressed in Escherichia coli bacteria and purified as described (61) . Most of the selectively labeled samples were also expressed in E. coli (Table S3) . PLN samples that showed isotopic scrambling, [ 15 N-Ser] and [ 15 N-Gln], were synthesized by using Fmoc solid-phase peptide synthesis as reported (62, 63) . For solution NMR experiments, AFA-PLN was solubilized in 300 mM DPC, 120 mM NaCl, and 20 mM NaH2PO4 (pH 6.0). Solid-state NMR samples were prepared in either 4/1 DOPC/1,2-dioleoylglycero-3-sn-phosphoethanolamine (DOPE) or DOPC lipid bilayers as described (no difference in spectra was discernable with or without DOPE) (25) . Samples were hydrated for 4 -5 days at 40°C in a saturated solution of Na2HPO4 (the [U- 15 N] AFA-PLN in D2O).
NMR Spectroscopy.
Solution NMR experiments were collected in 300 mM DPC (pH 6) and at 37°C. Solid-state NMR experiments PISEMA (20) and SAMPI4 (21) were acquired at 30°C. Spectra of [U- 15 N] samples were acquired with 1 k scans and 30-t1 increments, whereas selectively labeled samples required 4-to 12 k scans and Ϸ8 -16 increments. Experiments were performed at 1 H frequencies of 600 and 700 MHz using Bruker (DMX) and Varian (VNMRS) spectrometers, respectively, equipped with low electric field flat-coil probes (64) . Additional details are given in the SI Text.
Structural Calculations. The structure calculations were carried out by using X-PLOR-NIH software (29) . We defined a hybrid solution and solid-state NMR target function (ET), which is formulated as a combination of geometrical (Echem), solution NMR (EsolNMR), and solid-state NMR (EssNMR) terms:
The potential energy functions (E) are expressed in the form wE, where w represents the relative weight for each energy term, which has been optimized as reported by Shi et al. (27) . All of the restraints are approximated by harmonic functions. Specifically, both CSA and DC potentials were implemented as flat-well potential functions according to Bertram and coworkers (65) . The experimental errors for CSA and DC were set to 5 ppm and 0.5 kHz, respectively. A total of 500 monomers were generated. One hundred conformers displayed no violations and were selected for statistical analysis (Table 1) . Further details regarding the calculations and molecular dynamics simulations in DOPC are described in the SI Text.
